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Introduction

Abstract

The effects of spinosad bait and various insecticides, the presence of
sugar in insecticides, and diet on feeding responses and mortality in
western cherry fruit fly, Rhagoletis indifferens Curran (Dipt., Tephritidae),
were determined. Numbers of feeding events on insecticides with sugar
were greater than on insecticides alone, but there was only a small
effect of diet on feeding responses to insecticides with sugar. Feeding
durations on imidacloprid, thiamethoxam and acetamiprid with sugar
were shorter than on sugar water and spinosad bait, as the
neonicotinoids paralysed flies quickly. Flies that fed on sugar only
(nitrogen-starved) suffered higher mortalities when exposed to spinosad,
thiamethoxam and azinphos-methyl than to imidacloprid, acetamiprid
and indoxacarb, and mortality in between these two groups of treat-
ments when exposed to spinosad bait. Mortalities were greater when
sugar was added to insecticides, and were higher in nitrogen-starved
than fully-fed (yeast extract + sugar fed) flies. Flies that fed once on
thiamethoxam were killed more quickly than those that fed once on
spinosad bait and spinosad. Results suggest that thiamethoxam is com-
parable to spinosad in its effects on mortality, and that using it with
sugar in bait may also have similar results as using spinosad bait or
spinosad. One benefit of using thiamethoxam with sugar may be that it
kills flies more quickly, before they can oviposit, than spinosad bait,
although whether a fly will feed on it may depend on how much sugar
or nitrogenous food it has eaten.

(GF-120® Naturalyte® Fruit Fly Bait, Dow Agro-
Sciences, Indianapolis, IN), composed of 0.02% (w/v)

Western cherry fruit fly, Rhagoletis indifferens Curran
(Dipt., Tephritidae), is the major quarantine insect
pest of sweet cherry, Prunus avium (L.) L., in the Paci-
fic North-west of the United States. Because of the
zero tolerance for larvae in commercial cherries (State
of Washington Department of Agriculture, Permanent
Order No. 1099, effective 30 September 1968), cherry
growers in this region continue to use insecticide
products as their primary method for fly control, but
effective organophosphate insecticides used in the
past are no longer options (Food Quality Protection
Act 1996; Reissig 2003). In recent years, spinosad bait

spinosad, protein, sugar and other ingredients (Tho-
mas and Mangan 2005), has gained popularity for use
in control of R. indifferens (Warner 2008). The effec-
tiveness of spinosad bait is dependent in part on fly
feeding responses, which is related to hunger, as
spinosad is more toxic to flies when ingested than
when topically applied (Yee and Chapman 2005).
Despite its effectiveness, spinosad bait does not always
eliminate infestations of R. indifferens (Yee and Alston
2006; Yee 2007).

Spinosad bait and spinosad (without bait) are two
of six materials listed for use against R. indifferens
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(Washington State University 2008). These include
the neonicotinoid imidacloprid, which like spinosad
has a favourable mammalian toxicity profile (Tomiz-
awa and Casida 2005). Use of neonicotinoids in
addition to spinosad bait and spinosad is desirable
for several reasons. Although spinosad is recom-
mended for control of pest lepidopteran leafrollers
on cherry (Ministry of Agriculture and Lands 2006),
some populations of leafrollers have developed resis-
tance against spinosad (Washington State University
2008). Also, spinosad bait has been associated with
phytotoxicity on leaves of some sweet cherry
varieties (DeLury et al. 2008). Imidacloprid and
other neonicotinoids are toxic to flies (Wright et al.
1999; Ayyappath et al. 2000; Reissig 2003; Barry
and Polavarapu 2005; Yee and Alston 2006), even
though for the blueberry maggot, Rhagoletis mendax
Curran, some neonicotinoids seemed less toxic than
spinosad (Barry and Polavarapu 2005).

Use of sugar-neonicotinoid baits, as of spinosad
bait, to entice flies to feed would reduce the amount
of insecticide dispensed into the environment com-
pared with use of insecticides as cover sprays. Sugar
(sucrose) is a key factor stimulating feeding in
tephritid fruit flies (Duan and Prokopy 1993) and
when mixed with insecticides can increase mortality
compared with insecticides alone (Reissig 2003).
Sugar is also a major component of spinosad bait
(Thomas and Mangan 2005; Yee and Chapman
2005). The proteinaceous component of the bait
stimulates feeding in tropical fruit flies (Moreno and
Mangan 2003), but it is unclear if it stimulates more
feeding than sugar alone in R. indifferens.

In addition to sugar, another factor that may affect
whether flies feed on insecticides is diet, defined
here as feeding on sugar only or nitrogenous + sugar
food before insecticide exposure. In R. indifferens,
more flies that had fed on sugar only than on
sugar + yeast extract responded to spinosad bait (Yee
2006). Diet could affect responses to sugar-neonicoti-
noid baits by altering activity levels.

If sugar in insecticides and diet affect feeding, they
should also affect mortality. The effects of sugar, diet
and neonicotinoid insecticides on mortality of R. in-
differens have not been studied, although effects of
neonicotinoid insecticides on mortality are known
for other species (Wright et al. 1999; Ayyappath
et al. 2000; Reissig 2003). Relative patterns of feeding
and mortality effects among insecticides may ditfer
depending on the knockdown ability and toxicities of
the insecticides (Barry and Polavarapu 2005).

In this study, feeding responses of R. indifferens to
spinosad bait and neonicotinoid insecticides were
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determined. Several hypotheses were tested: (1)
feeding responses are greater to insecticides with
added sugar; (2) diet affects feeding responses; (3)
mortalities of flies are greater in flies exposed to
insecticides containing sugar and (4) diet affects
mortality.

Materials and Methods

Larval-infested cherries were collected in Kenne-
wick, Richland and Yakima, WA in June and July
2007. Larvae that emerged from fruit dropped into
tubs, where they pupated. Pupae were stored in cups
with moist soil and held at 3-10°C for 6-10 months
before being transferred to 27°C, 30-40% relative
humidity (RH), and under 16 h of light of ~1200-
1300 lumen/m? for adult emergence. Flies were held
under these conditions before experiments and were
kept in 1.9-liter paper containers (10.5 cm
high x 16.2 cm diameter) with a diet of either 5%
sugar (w/w) on cotton wicks (nitrogen-starved from
eclosion) or yeast extract + sugar (fully-fed from
eclosion) [20% yeast extract (EMD Chemicals, Inc.,
Gibbstown, N.J.) + 80% dry sugar (w/w)] on paper
strips. Water was provided on cotton wicks. Flies
were aged to 6-8 days for testing. The term ‘nitro-
gen-starved” was used instead of ‘protein-starved’
because recent work has established that yeast
extract has very little protein in it although it
appears to be ‘nitrogen-rich” (Barry et al. 2007).

Feeding responses to insecticides

In experiment 1, insecticides were either mixed in
20% sugar (sucrose) solution (v/v) or in water alone.
No sugar was added to the pre-existing sugar in spino-
sad bait, which when undiluted has 30% sugar (fruc-
tose, glucose and sucrose, w/w) (Yee and Chapman
2005). Treatments were (1) water; (2) 40% spinosad
bait (v/v), with ~13% sugar (96 ppm ai, in mg/l); (3)
spinosad (Entrust®, Dow AgroSciences, Indianapolis,
IN) (36 ppm); (4) imidacloprid (Provado®, Bayer
CropScience, Research Triangle Park, NC) (30 ppm);
(5) thiamethoxam (Actara®, Syngenta Crop Protec-
tion, Greensboro, NC) (103 ppm); (6) acetamiprid
(Assail® 70 WP, Cerexagri-Nisso LLC, King of Prussia,
PA) (178 ppm); (7) indoxacarb (Avaunt®, E. I. du
Pont de Nemours and Company, Wilmington, DE)
(135 ppm ai) and (8) azinphos-methyl (Guthion®
50W, Gowan Company, Yuma, AZ) (899 ppm ai).
Spinosad is a naturalyte insecticide; imidacloprid,
thiamethoxam and acetamiprid are neonicotiniods;
indoxacarb is an oxadiazine; and azinphos-methyl is
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an organophosphate. Rates used were those on prod-
uct labels.

Three tests were conducted to examine feeding
responses of nitrogen-starved and fully-fed flies. In
tests 1 and 2, nitrogen-starved flies were offered
insecticides with and with no sugar, respectively. In
test 3, fully-fed flies were offered insecticides with
sugar. Flies were not starving at the time of tests, as
83.3% of nitrogen-starved and fully-fed flies
(n = 30) survived to 20-22 days.

For each test, a female or male fly was introduced
into a 5.0 cm X 1.4 cm glass vial. A 2.5 ul drop of
water or insecticide solution was then applied onto
the centre of it using a micropipette. The vial was
then plugged with cork, and placed on light blue
latex to make the water or insecticide drop more vis-
ible. Percent of flies that fed was recorded. Numbers
of feeding events and feeding durations over 5 min
for a fly were recorded by continuously observing
the fly and using a timer. Feeding was mouth con-
tact with a drop. Observations in tests 1 and 2 were
conducted at 21°C and test 3 at 25-27°C at
~1100 lumen/m? over 8-h periods (0900-1700 h)
beginning at 5 h after lights-on during the 16 h light
cycle. For the controls and each treatment, at least
20 males and 20 females were tested.

Mortality of flies exposed to insecticides

In experiment 2, treatments and rates used were the
same as in experiment 1. Fifteen male and 15 female
flies inside a 1.9-liter paper container were exposed
to a 9.0 cm diameter x 1.4 cm high clear plastic dish
with 10 fresh drops of 10 ul water or insecticide with
or without 20% sugar for 2 h. At 2 h, each dish was
removed and one sugar cube was placed in the con-
tainer. Numbers of paralysed or dead male and
female flies were recorded immediately after insecti-
cides were removed (0 h) and at 24 and 48 h. Mor-
tality has also been assessed at 48 h in other work
(Reissig 2003). Paralysed flies could move their legs
but were unable to walk or were motionless. Dead
flies did not move when probed. It was sometimes
difficult to determine if a fly was dead, so through-
out the results, ‘paralysis/mortality’ is used. There
were five replicates of each treatment.

Paralysis and recovery of flies after feeding on insecti-
cides

In experiment 3, effects of feeding on sugar water,
spinosad bait, and spinosad, imidacloprid, thiameth-
oxam and acetamiprid with sugar (same rates as in

Sugar and diet effects on fruit fly feeding

experiments 1 and 2) on paralysis and recovery of
flies were determined, to help explain results of
experiment 2. Flies were held on 5% sugar and
tested at 6-10-days old inside 5.0 x 1.4 cm glass vials
at 21°C. A 10 ul drop of solution was placed ~1—
5 mm in front of a fly so it could quickly find the
drop, unlike in experiment 1. Duration of one feed
was recorded. The fly was then transferred to a clean
vial and held at 27°C. Paralysis or death was
recorded <1 min (0 h) and at 2 and 24 h after feed-
ing. There were 17-22 males and females in the con-
trol and each treatment.

Statistics

In experiment 1, percentages of male and female
flies that fed were analysed with Fisher’s exact test.
Differences in percentage responses among treat-
ments and among the three tests were analysed
using chi-squared test. For all three tests, numbers
of feeding events were square-root (y + 0.5)-trans-
formed and feeding durations were log (y)-trans-
formed before being subjected to three-way analysis
of variance (aNova), with insecticide, sugar in insec-
ticide and diet as factors. Separate one-way ANOVAS
also were performed for each insecticide across tests
and for all insecticides within a test. Fisher’s least
significant difference (LSD) test was used for pair-
wise comparisons (SAS Institute 2004).

In experiment 2, paralysis/mortalities were ars-
cine(Vy)-transformed and subjected to four-way
repeated measures ANOVA (insecticide, sugar in insec-
ticides, diet and time), with repeated measures on
time (spinosad bait was excluded here because there
was no spinosad bait without sugar). Significant
interactions among factors do not invalidate further
analyses of factors, but indicate that each should be
looked at separately as a simple effect (Schabenber-
ger 1998). This was accomplished using the SLICE
command in the Statistical Analysis System (SAS),
followed by LSD tests (SAS Institute 2004). Simple
effects within insecticide, sugar diet and time factors
were determined. Paralysis/mortalities among insec-
ticides within sugar (including spinosad bait) and no
sugar treatment groups were compared using one-
way ANovA followed by LSD tests.

In experiment 3, feeding durations [log (y) trans-
formed] were analysed using two-way ANOVA (sex
and insecticide), and percentage paralysed or dead
males and females within treatments analysed using
Fisher’s exact test. A Tukey-type multiple compari-
son test among proportions (Zar 1999) was used to
test for treatment differences within times.
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Results

Feeding responses to insecticides

There were no differences between sexes in percent-
age responses within each insecticide treatment in
tests 1, 2 and 3 (Fisher's exact test, P = 0.2293—
1.000) (except for azinphos-methyl in test 3), so data
from sexes were combined. There were also no dif-
ferences in percentage responses among treatments
in any of the three tests. In test 1 (y* = 6.5; d.f. = 7;
P = 0.4824), the overall response was 40.4%
(n =324). In test 2 (x> = 11.1; d.f. = 7; P = 0.1358),
the overall response was 12.8% (n = 321). In test 3
(x> = 6.5; d.f. = 7; P = 0.4824), the overall response
was 47.4% (n = 371). The percentage responses in
tests 1 and 3 were greater than in test 2 (x> = 63.1;
df.=1; P<0.0001 and y#*=96.1; df =1;
P < 0.0001, respectively), whereas those in tests 1
and 3 did not differ (> = 3.4; d.f. = 1; P = 0.0635),
indicating the presence of sugar in insecticides
increased feeding.

For numbers of feeding events (table 1), there was
no insecticide effect (F=1.9;, d.f.=7, 954
P = 0.0695), a sugar in insecticides effect (F = 79.5;
d.f. =1, 954; P < 0.0001), with no insecticide x sugar
interaction (F = 1.3; d.f. = 6, 954; P = 0.2600) and no
diet effect (F = 0.01; d.f. = 1, 954; P = 0.9144) and no
insecticide x diet interaction (F = 0.4; d.f. =7, 954;
P = 0.8698). There were more feeding events by
nitrogen-starved flies on insecticides with than with-
out sugar for every insecticide treatment (table 1).
Fully-fed flies fed more often on insecticides with

Table 1 Mean numbers of feeding events + SE of Rhagoletis indiffe-
rens exposed to insecticides with and without 20% sugar over 5-min
periods

Nitrogen-starved flies Fully-fed flies

Treatment Treatment Treatment
Treatment with sugar without sugar with sugar
Water 0.90 + 0.19aA  0.08 £ 0.04bA  0.92 £ 0.12aA
Spinosad bait* 0.48 + 0.12aA  Not tested 0.50 + 0.12aA
Spinosad 0.53 + 0.12aA  0.07 + 0.04bA  0.52 + 0.09aA
Imidacloprid 0.53 + 0.09aA  0.08 + 0.04bA  0.38 + 0.07aA
Thiamethoxam 0.49 4+ 0.09aA  0.15 + 0.06bA  0.49 + 0.07aA
Acetamiprid 0.43 4+ 0.08aA  0.20 + 0.06bA  0.52 + 0.07aA
Indoxacarb 0.80 4+ 0.19aA  0.10 + 0.06bA  0.58 + 0.11aA
Azinphos-methyl  0.65 + 0.20aA  0.10 4 0.05bA  0.60 &+ 0.11aA

*Spinosad bait had premixed sugar.

Means followed by the same lowercase letter within a row or the
same uppercase letter within a column are not significantly different
(LSD test on transformed data, P > 0.05).
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Table 2 Mean durations of feeding events & SE (s) of Rhagoletis
indifferens exposed to insecticides with and without 20% sugar over
5-min periods

Nitrogen-starved flies Fully-fed flies

Treatment Treatment Treatment
Treatment with sugar without sugar  with sugar
Water 37.8 + 6.8aA 17.7 £ 8.4aA 48.3 £ 8.6aA
Spinosad bait* 39.0 + 10.4aA  Not tested 39.0 + 5.7aAB
Spinosad 332 £ 553AB  16.7 £ 5.43A 34.1 £ 11.4aB
Imidacloprid 17.6 £ 3.3aBC 3.8 + 0.8bBC  41.8 + 10.9aAB
Thiamethoxam 17.4 £+ 3.4bC 10.5 +£ 1.5bAB  28.8 £+ 2.5aAB
Acetamiprid 7.5+ 1.1aD 4.8 + 1.7bC 11.1 £ 1.4aC
Indoxacarb 40.3 + 9.0aA 21.3 + 8.6aA 37.9 + 8.7aAB
Azinphos-methyl  38.9 + 5.2aA 23.0 + 10.8aA  32.8 4+ 5.2aAB

*Spinosad bait had premixed sugar.

Means followed by the same lowercase letter within a row or the
same uppercase letter within a column are not significantly different
(LSD test on transformed data, P > 0.05).

sugar than nitrogen-starved flies on insecticides with-
out sugar (table 1).

For feeding durations (table 2), there was an
insecticide effect (F = 10.3; d.f. =7, 315; P < 0.0001),
a sugar in insecticides effect (F = 14.9; d.f. =1, 315;
P = 0.0001), no insecticide X sugar interaction (F =
0.8; dtf.=6, 315, P=0.5638) and a diet effect
(F=4.5;d.f. =1, 315; P = 0.0338) with a near signit-
icant insecticide x diet interaction (F=1.8; d.f. =7,
315; P = 0.0784).

Feeding durations by nitrogen-starved flies on
sugar water, spinosad bait, and spinosad, indoxacarb
and azinphos-methyl with sugar did not differ, but
were longer than on acetamiprid. Feeding durations
by nitrogen-starved flies on insecticides without
sugar and by fully-fed flies on insecticides with sugar
followed a similar pattern (table 2). The presence of
sugar increased feeding durations by nitrogen-
starved and fully-fed flies only in the neonicotinoids
and not in the other insecticides (table 2). Overall,
fully-fed flies fed only for a slightly longer duration
(34.2 s) than nitrogen-starved flies (29.0 s), but on
thiamethoxam with sugar, the duration was 2.4
times longer in fully-fed than nitrogen-starved flies
(table 2).

Mortality of flies exposed to insecticides

In experiment 2, there was no difference in paraly-
sis/mortalities between sexes, so data from sexes
were pooled (three-way aNova, e.g. at 24 h, nitro-
gen-starved flies, sex effect: F=1.6; d.f. =1, 106;
P =0.2030; fully-fed flies, sex effect: F=0.1;
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dtf. =1, 107; P = 0.7637). Four-way aNovA indicated
that were significant effects of insecticide, sugar in
insecticides, diet, and time (F=41.8; d.f. =6, 112;
P <0.0001, F=682;, df. =1, 112; P <0.0001,
F=283; df.=1, 112; P<0.0001 and F = 212.0;

Sugar and diet effects on fruit fly feeding

Analyses of each factor separately (insecticide,
sugar in insecticides, diet, and time) from the four-
way ANovA indicated significant effects of all factors.
Insecticide effects (= -8.8; d.f.=12; P < 0.0001)
were evident in that, overall, spinosad, thiamethox-

d.f. =2, 224; P <0.0001, respectively), but that am and azinphos-methyl caused the highest fly
there also were interactions among all factors paralysis/mortalities (figs 1 and 2) (specific compari-
(P <0.05) except sugar x diet and insecti- sons in next paragraph). There was an effect of sugar
cide X sugar x diet (P > 0.05). in insecticides on paralysis/mortality (f = —8.3;
(a) 100+ Ni ,
itrogen-starved flies
Oh g Bl Sugar
80 [ ] No sugar
60 a
a
40
b
20 - See note b b
de b cd
c e C
0 T = r";
(®) 100-
w 24 h
n a
+ 80-
8 See note a
Q
ke
5 60+ a
Re;
8
> 40-
S bc
] ° g
C
o 201 b
Q0
= dc d¢
2
> 0 ==
(c) 100~ a
48 h
80 See note ab
. ) 60 a
Fig. 1 Mean percentage of nitro- cd
gen-starved Rhagoletis indifferens
paralysed or dead at (a) 0 h, (b) 40-
24 h and (c) 48 h after exposure to b
insecticides with and with no b d
sugar. Note: there was no spinosad 20
bait treatment with no sugar. d C
Means within sugar or no sugar
groups with same letters are not 0

significantly different (P > 0.05).

Water Spin. Bt. Spin.

Imida. Thiam. Aceta. Indoxa. Azinp.
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a) 100 - .
@) Oh Fully-fed flies
Bl Sugar
80 ] No sugar
60
40
2 b
204 ab a
See note a b b
d cd a abc abc
c c c C bcd iﬁ
0 =T -=
(®) 100 -
W 24 h
w
+ 80-
ko)
(1]
[}
©
5 60
ke] a
e ab
> 40 a ab
© See note
8 bc 4 A
o 204 a
Q abc cd ab
= d cd bed d 4
S
Sy =5 i% .
(c)100 -
48 h
80 1
a
60- b @
a ab Fig. 2 Mean percentage of fully-
fed Rhagoletis indifferens paraly-
404 See note sed or dead at (a) 0 h, (b) 24 h and
b (c) 48 h after exposure to insecti-
a cides with and with no sugar.
20 - ab abc c ab Note: there was no spinosad bait
c cd bed ¢ treatment with no sugar. Means
il‘ i—‘l:‘ d within sugar or no sugar groups
0 il‘ with same letters are not signifi-
Water Spin. Bt. Spin. Imida. Thiam. Aceta. Indoxa. Azinp. cantly different (P > 0.05).

d.f. =112; P<0.0001), as it was higher in flies
exposed to all treatments with sugar (P = 0.0103-
<0.0001) other than water and indoxacarb
(P =0.6867 and 0.7377, respectively) (figs 1 and 2).
There was an effect of diet on paralysis/mortality
(t=5.3; d.f.=112; P<0.0001), as it was higher
in nitrogen-starved than fully-fed flies in spinosad,
thiamethoxam and azinphos-methyl treatments
(P =0.0107 to <0.0001), although not in water,
imidacloprid, acetamiprid and indoxacarb treat-

ments (P = 0.1564 to 0.7973) (figs 1 and 2). There were
time effects (0 vs. 24 h, t=-17.1; d.f.=224;
P < 0.0001;0vs.48 h,t = —-19.8; d.f. = 224; P < 0.0001;
24vs. 48 h,t = =8.7; d.f. = 224; P < 0.0001), as mortali-
ties increased from 0 to 48 h (figs 1 and 2).
Paralysis/mortalities of nitrogen-starved flies
exposed to different insecticides with sugar (including
spinosad bait) at 0, 24 and 48 h (fig. 1) (F = 18.2;
df. =7, 32; P<0.0001, F=11.1; df. =7, 32; P<
0.0001 and F = 10.8; d.f. =7, 32; P < 0.0001, respec-
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tively) followed different patterns. Thiamethoxam
had a greater effect at 0 h than all other treatments,
but it had similar effects as spinosad and azinphos-
methyl by 24 and 48 h. Spinosad bait had an effect
that was in between this group and imidacloprid,
acetamiprid and indoxacarb treatments at these times
(fig. 1). Paralysis/mortalities of nitrogen-starved flies
exposed to insecticides with no sugar at 0, 24 and
48 h (F=14.7; d.f. =6, 28, P<0.0001, F=18.6;
dtf. =6, 28, P<0.0001 and F = 14.3; d.f. =6, 28;
P < 0.0001, respectively) followed similar patterns in
that thiamethoxam had the greatest effect at all three
times (fig. 1).

Paralysis/mortalities of fully-fed flies exposed to
different insecticides with sugar (including spinosad
bait) at 0, 24 and 48 h (fig. 2) (F=11.7; d.f. =7, 32;
P <0.0001, F=9.2; df. =7, 32; P<0.0001 and
F=7.3;, df. =7, 32; P<0.0001, respectively) fol-
lowed different patterns. At 0 h, imidacloprid, thia-
methoxam and acetamiprid were similar and more
effective than spinosad bait, but by 24 or 48 h,
spinosad bait did not differ from spinosad, imidaclo-
prid and thiamethoxam (fig. 2). Paralysis/mortalities
of fully-fed flies exposed to insecticides with no
sugar at 0, 24 and 48 h (F=4.1; d.f. =6, 28;
P =0.0046, F=3.3; df.=6, 28 P =0.0144 and
F=3.8; d.f. =6, 28; P =0.0064, respectively) were
low and differed only slightly over time. At 0 h, imi-
dacloprid, thiamethoxam and acetamiprid had
greater effects than spinosad, but by 24 and 48 h, all
four and azinphos-methyl did not differ (fig. 2).

Paralysis and recovery of flies after feeding on insecti-
cides

In experiment 3 (table 3), mortality patterns of
nitrogen-starved male and female flies caused by
insecticides differed (insecticide: F=7.2; d.f. =35,
219; P < 0.0001, sex: F=14.3; df.=1, 219
P = 0.0002, insecticide x sex: F=2.2; d.f. =5, 219;
P = 0.0556). Analyses within sexes separately (sim-
ple effect) showed that males fed longer on spinosad
bait than on all treatments except imidacloprid.
Females fed for similar durations on all treatments
except acetamiprid. Females fed longer on spinosad
and thiamethoxam than males (t=2.9; d.f. =219;
P=0.0036 and t=3.4; d.tf. =219; P =0.0008,
respectively). Percent paralysis/mortality between
sexes did not differ (Fisher’s exact tests, P = 0.3345—
1.000). There was no paralysis/mortality at 0 and
2 h of flies that fed on spinosad bait and spinosad.
Imidacloprid, thiamethoxam and acetamiprid paraly-
sed flies at 0 h, but at 2 h, flies recovered, with the

Sugar and diet effects on fruit fly feeding

Table 3 Single feeding durations and mortality of nitrogen-starved
Rhagoletis indifferens at three times after ingestion of insecticides
with sugar

Males Females

Mean Mean

Treatment N duration £ SE (s) N duration & SE (s)

Sugar water 18 15.7 + 5.0b 21 16.5 + 3.3a
Spinosad bait 18 20.8 + 5.2a 21 213 + 6.7a
Spinosad 19 7.3 £ 1.6bc 21 20.3 £+ 4.1a
Imidacloprid 18 17.1 + 7.9ab 22 19.0 + 4.8a
Thiamethoxam 18 5.8 + 1.3bc 22 185 + 3.8a
Acetamiprid 17 3.6 £ 1.0c 21 5.4 4+ 0.9b
% flies paralysed or dead after:
Treatment N* Oh 2h 24 h
Sugar water 39 Oc Ob 2.6e
Spinosad bait 39 Oc Ob 100a
Spinosad 40 Oc Ob 55.0bc
Imidacloprid 40 72.5ab 42.5a 37.5cd
Thiamethoxam 40 60.0b 56.4at 72.5b
Acetamiprid 38 92.1a 23.7a 15.8de

Feeding durations within a column followed by same letters are not
significantly different (LSD test on transformed data, P > 0.05). Per-
centage (%) flies paralysed or dead within a column followed by same
letters are not significantly different (Tukey-type multiple comparison
of proportions, P > 0.05). *Male and female data combined. 1One
missed observation (n = 39).

highest recovery from acetamiprid (table 3). At 24 h,
100% of flies that had fed on spinosad bait were
dead. Thiamethoxam caused the second highest
mortality (table 3).

Discussion

Rhagoletis indifferens did not differ in percentages that
fed on sugar water, spinosad bait, and the various
insecticides with sugar, suggesting none of the mate-
rials was repellent. The lack of avoidance of insecti-
cides is clearly important for their use in baits.
However, in fully-fed flies, feeding duration was
slightly higher on sugar water than spinosad with
sugar, suggesting some flies preferred the taste of
sugar water. In the Mediterranean fruit fly, Ceratitis
capitata (Wiedemann), addition of the organophos-
phate malathion did not affect attraction, but it
deterred feeding (Prokopy et al. 1992).

Feeding durations of nitrogen-starved flies on imi-
dacloprid, thiamethoxam and acetamiprid with sugar
were shorter than on sugar water and spinosad bait,
as the neonicotinoids paralysed flies quickly. Pres-
ence of imidacloprid in protein bait also resulted in
less feeding than on control bait in R. mendax (Barry
and Polavarapu 2005). Feeding duration of nitrogen-
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starved flies on acetamiprid with sugar was shorter
than on imidacloprid and thiamethoxam with sugar,
even though all neonicotinoids are insect nicotinic
acetylcholine receptor agonists (Matsuda et al.
2001), indicating various neonicotinoids differ suffi-
ciently in their specificity for receptors (Tomizawa
and Casida 2005) to affect feeding.

Percent of flies that fed and numbers of feeding
events were higher on insecticides with than with-
out sugar. Sugar has no odour and likely did not
affect how quickly flies found drops, but it clearly
stimulated feeding after drops were found, after the
sugar chemoreceptors on the labella or tarsi of flies
(Frings and Frings 1955) contacted them. Flies
responded equally to insecticides with 20% sugar
and to spinosad bait, suggesting non-sugar compo-
nents of the bait were not attractive and that the
bait was not any more stimulating than sugar alone.

Nitrogen-starved and fully-fed flies exposed to
most insecticides did not differ in immediate feeding
responses. However, fully-fed flies fed longer on
thiamethoxam with sugar than nitrogen-starved
flies, reflecting perhaps an ability of fully-fed flies to
withstand more feeding before effects of the toxin
set in. Also, there was a diet effect on mortality after
2-h exposures to insecticides (below). Small energy
decreases over 2 h may cause increases in hunger
and thus increased feeding responses. It is also possi-
ble the 4-6°C higher temperature in test 3 than test
2 slightly increased activities of flies.

Paralysis/mortalities ( = mortalities in discussion)
in experiments 2 and 3 caused by spinosad bait and
insecticides with sugar were time dependent, as
spinosad bait did not paralyse flies as quickly as the
neonicotinoids. In experiment 2, mortalities caused
by spinosad bait did not differ from most other insec-
ticides with sugar. This differed from experiment 3,
where 100% of flies that fed one time on spinosad
bait were killed, suggesting that in experiment 2
fewer flies fed on spinosad bait than on other insec-
ticides. The relatively slow effect of spinosad bait
may explain why flies can ingest it and still lay some
eggs into fruit before dying (WLY, unpublished). The
fast action of thiamethoxam may be one benefit of
using it over spinosad bait or spinosad.

Mortalities in experiment 2 caused by spinosad,
thiamethoxam and azinphos-methyl with or without
sugar were also time dependent, but by 24 and 48 h
they caused higher overall mortalities in nitrogen-
starved flies than imidacloprid and acetamiprid. The
results show that caution must be taken when inter-
preting immediate (0-2 h) effects of insecticides on
fly mortality. Less toxic insecticides can paralyse flies
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more quickly than more toxic ones, but flies clearly
can recover from paralysis caused by less toxic mate-
rials. Consistent with the present study and with
knockdown effects of neonicotinoids on R. indifferens,
spinosad was more toxic than acetamiprid and imi-
dacloprid to R. mendax (Barry and Polavarapu 2005),
and in Rhagoletis pomonella, spinosad (32 ppm) and
thiamethoxam (100 ppm) caused similar mortalities
and both caused higher levels than imidacloprid
(11 ppm), at ~88, ~83 and ~55%, respectively
(Reissig 2003). However, in contrast to the present
findings, mortalities of R. mendax and R. pomonella
exposed to thiamethoxam and imidacloprid mixed
with sugar in latex paint on spheres were similar
(Wright et al. 1999), but reduction in effectiveness
after field ageing was greater in thiamethoxam- than
imidacloprid-coated spheres (Wright et al. 1999;
Ayyappath et al. 2000). The probable explanation
was that more liquid was needed to mix thiameth-
oxam into the latex paint than imidacloprid, reduc-
ing the amount of latex that retained the
thiamethoxam and resulting in rapid loss of its activ-
ity under heavy rainfall. If baits are applied weekly,
however, chances of time-related activity losses
would be reduced. Sublethal effects of insecticides
also may need to be considered when evaluating
their use in fly control because insecticides such as
imidacloprid that have relatively low toxicity can
reduce oviposition in R. pomonella and R. indifferens
(Hu and Prokopy 1998; Yee 2008).

Mortalities of flies exposed to insecticides other
than indoxacarb with sugar were consistently higher
than to insecticides without sugar. This was likely
caused by more flies feeding on drops with than
without sugar. Mortalities of R. pomonella exposed to
imidacloprid and thiamethoxam mixed with 20%
sugar in latex paint on spheres were greater than
to the insecticides alone (Wright et al. 1999). In
R. pomonella, adding 1% and 5% sugar in spinosad
on apples increased mortalities compared with spino-
sad alone, although adding 10% sugar surprisingly
did not increase them (Reissig 2003).

The greater mortalities of nitrogen-starved than
fully-fed flies were quite evident when flies were
exposed to spinosad bait and to spinosad, thiameth-
oxam and azinphos-methyl with sugar. Anastrepha
ludens (Loew) fed sugar only were attracted to
nitrogenous volatiles (Robacker et al. 2000) and
nitrogen-deprived C. capitata and melon fly, Bactro-
cera cucurbitae (Coquillett), were more likely to feed
on nitrogen than nitrogen-fed flies (Vargas et al.
2002; Miller et al. 2004). This study suggests
nitrogen-starved R. indifferens are also more likely to
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feed on sugar than fully-fed flies. Possibly nitrogen-
starved flies were hungrier, sought nitrogenous
sources, and were more active than nitrogen-fed
flies, leading to more incidental contacts with insec-
ticide drops. However, diet did not affect mortalities
caused by imidacloprid, suggesting that a nitrogen-
deficient diet increases mortalities only when the
insecticides used are highly toxic.

Results have implications for managing R. indiffe-
rens using bait sprays. Thiamethoxam is comparable
to spinosad in its effects on fly mortality, so using it
with sugar may have similar results to using spino-
sad bait or spinosad. One benefit of using thiameth-
oxam with sugar may be that it kills flies more
quickly, before they can oviposit, than spinosad bait.
However, whether a fly feeds immediately after
encountering a sugar-insecticide drop may depend
on how much sugar or nitrogenous food it has
eaten. If so, the abundance of food in trees needs to
be considered when making decisions about treat-
ment frequency or spray coverage.
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